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Abstract:

High-resolution anion photoelectron spectra of cryogenically cooled NiO2¯ anions, obtained 

using slow photoelectron velocity-map imaging (cryo-SEVI), are presented in tandem with 

coupled cluster electronic structure calculations including relativistic effects. The experimental 

spectra encompass the , , and  1 2
g gX X  % % 3 2

g ga X  %% 1 2
g gA X  % %

photodetachment transitions of linear ONiO0/-, revealing previously unobserved vibrational 

structure in all three electronic bands. The high-resolution afforded by cryo-SEVI allows for the 

extraction of vibrational frequencies for each state, congruent with those previously measured in 

the ground state and in good agreement with scalar-relativistic coupled-cluster calculations. 

Previously unobserved vibrational structure is observed in the  and  states and is 3
ga % 1

gA %

tentatively assigned. Further, a refined electron affinity of 3.0464(7) eV for NiO2 is obtained as 

well as precise term energies for the  and  states of NiO2 of 0.3982(7) and 0.7422(10) eV, a% A%
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respectively. Numerous Franck-Condon forbidden transitions involving the doubly degenerate v2 

bending mode are observed and ascribed to Herzberg-Teller coupling to an excited electronic 

state. 

I. Introduction:

Nickel oxides are an important class of catalytic materials with a wide range of industrial 

applications including the formation of syngas,1, 2 oxidative dehydrogenation of alkanes,3, 4 and 

carbon monoxide oxidation.5 Therefore, understanding their properties is of both technological 

and fundamental importance. While much of the emphasis of nickel oxide catalysis involves 

condensed phase experiments, the gas phase study of isolated mass-selected metal oxide clusters 

provides a complementary molecular-level understanding of the structure and reactivity of these 

species.6, 7 Here, we report high-resolution anion photoelectron spectra of cryogenically cooled 

NiO2¯, revealing a wealth of vibronic structure throughout the three lowest-lying electronic 

states of NiO2. 

There are relatively few experimental studies concerning the structure8-12 and reactivity of 

NiO2
0/-.13-16 Neutral NiO2 was first studied in ideal gas matrices, where three isomers were 

identified in an Ar matrix:9 cyclic Ni(O2), bent NiOO, and linear ONiO (referred to as NiO2 

hereafter). Subsequent work in Ne matrices found preferential formation of NiO2 with trace 

Ni(O2), allowing for the extraction of two and three vibrational frequencies for these species, 

respectively.12 In the gas phase, anion photoelectron spectroscopy (PES) has been used to probe 

the geometric and electronic structure of these species. The first PES study of NiO2¯ was 

performed by Wu and coworkers,10 who observed photodetachment from both the bent Ni(O2) 

and linear NiO2 anions, finding the electron affinity (EA) of Ni(O2) to be 0.82(3) eV, 

considerably lower than that of NiO2 at 3.05(1) eV. The NiO2 band showed partially resolved 

vibrational structure with a frequency of 750 cm-1. This work also found transitions to two low-

lying electronic states of NiO2 with term energies of 0.40(2) and 0.77(3) eV. Subsequent anion 

PES work performed by Ramond et al.11 reexamined the ground state spectrum of NiO2 with 

improved resolution, yielding a refined EA of 3.043(5) eV as well as the v1 symmetric stretch 

frequency of 745(30) cm-1 from a progression in this mode.
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The electronic and vibrational structure of NiO2 pose a considerable challenge to theory owing to 

its multireference nature.17, 18 Treatments using density functional theory,9, 12, 19-21 coupled cluster 

methods,21 and multireference methods22 have found a  ground electronic term for linear 1
g


NiO2 that lies 0.7-1.5 eV below the Ni(O2) structure. In both structures, there are numerous low-

lying singlet and triplet species calculated to reside within ~2 eV of the ground state. The most 

definitive of these works is a joint multiconfiguration self-consistent field (MCSCF) and 

multireference configuration interaction (MRCI) study by Hübner,22 which finds a  ground 1
g


state with  and  states lying 0.537 and 0.943 eV higher in energy, in good agreement 3
g 1

g

with the observed term energies from anion PES. Less work has been done on the NiO2¯ anion, 

with an early DFT study by Gustev et al.20 finding a 2A2 bent ground state and more recent DFT 

work by Deng and coworkers19 finding a linear  ground state. 2
g

Here, we utilize slow electron velocity-map imaging spectroscopy of cryogenically-cooled 

anions (cryo-SEVI), a high-resolution variant of anion photoelectron spectroscopy, to study the 

photodetachment of NiO2¯. In this method, cold ions are detached with a tunable laser and the 

resultant electron kinetic energy distribution is analyzed by a velocity-map imaging (VMI) 

spectrometer that is optimized for the detection of slow electrons, yielding photoelectron spectra 

with sub-meV resolution.23, 24 Revisiting the photoelectron spectra of NiO2¯ with cryo-SEVI 

provides substantial improvements in resolution over previous work. Beyond well-resolved 

vibrational structure in the ground and excited states, we observe a number of FC-forbidden 

transitions in the ground state that display behavior distinct from that of the FC-allowed 

transitions near the photodetachment threshold. These features are ascribed to vibronic coupling 

to an excited electronic state. Our findings are supported by scalar-relativistic coupled-cluster 

calculations, with computed term energies and vibrational frequencies in good agreement with 

our observed spectra.

II. Experimental Methods:

The cryo-SEVI method has been described in detail previously.23, 25, 26 Here, NiO2¯ anions are 

formed via laser ablation using a rotating and translating nickel disk onto which a frequency-

doubled Nd:YAG is focused. The resulting plasma is entrained within a pulse of He carrier gas 

from an Even-Lavie solenoid valve,27 with residual O2 in this carrier gas serving to form NiO2¯ 
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as it passes through a narrow channel to foster collisional cooling and cluster formation. The ions 

then pass through a skimmer before entering a radiofrequency (RF) hexapole ion guide and RF 

quadrupole mass filter that direct them into a linear RF octupole ion trap held at 5 K and filled 

with a buffer gas mixture of 20:80 H2:He. Collisions with this cold buffer gas mixture result in 

effective vibrational, rotational, and electronic cooling of the ions, leading to internal 

temperatures of around 10 K.26, 28-30 

The ions are held approximately 40 ms in the trap before being extracted into an orthogonal 

Wiley-McLaren time-of-flight mass spectrometer31 and focused into the interaction region of a 

standard three-plate Eppink-Parker VMI electrostatic lens assembly.32 In the VMI spectrometer, 

the ions are photodetached using the frequency-doubled output of a dye laser pumped by the 

second harmonic of a Nd:YAG laser operating at 20 Hz.

The resulting photoelectrons are projected onto a 2D detector comprising two chevron-stacked 

microchannel plates coupled to a phosphor screen, which is photographed by a CCD camera 

after each laser shot.33 Each image is analyzed for individual electron events for which the 

centroids are calculated and binned into a 1024 × 1024 grid.34 The three-dimensional electron 

velocity distribution is reconstructed from the accumulated images using an inverse-Abel 

method.35 The radial position of features in the reconstructed image is related to electron kinetic 

energy (eKE) by acquiring VMI images for detachment from atomic F¯ at several photon 

energies.36

The VMI spectrometer has an approximately constant resolving power, ΔeKE/eKE,32 yielding 

the highest eKE resolution for slow photoelectrons. As such, a SEVI spectrum is acquired by 

first taking an overview spectrum at a sufficiently high photon energy to access all (or most) of 

the photodetachment transitions before tuning the detachment laser to energies slightly above 

features of interest. This procedure results in the collection of high-resolution spectra over 

narrow energy windows that are then concatenated and scaled to match intensities in the 

overview spectrum, which is less sensitive to variation of the photodetachment cross section with 

photon energy. Spectra are plotted as a function of electron binding energy (eBE), given by eBE 

= hv – eKE.

III. Computational Methods:
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Electronic structure calculations for the  state of NiO2¯ and the  state of NiO2 were 2
gX % 1

gX %

carried out at the coupled-cluster singles doubles augmented with a noniterative triples [CCSD(T)]37 

level of theory to determine the equilibrium structures and the harmonic vibrational frequencies of these 

states as well as to enable a Franck-Condon (FC) simulation for the electron detachment transitions from 

the electronic ground state of NiO2¯ to that of NiO2. Scalar-relativistic effects have been taken into 

account using spin-free exact two-component theory in its one-electron variant (SFX2C-1e)38, 39 together 

with the aug-cc-pVTZ basis set40-42 recontracted for SFX2C-1e calculations. Calculations using a 

hierarchy of CC methods including CCSD,43 CC singles doubles triples (CCSDT),44, 45 and CC singles 

doubles triples quadruples (CCSDTQ)46, 47 have also been performed for the  state of NiO2 to 1
gX %

examine the reliability of the CCSD(T) results, as this state exhibits strong electron-correlation effects.17, 

18 The results of this analysis are outlined in Table S1 of the Supplementary Information (SI). Harmonic 

frequency calculations are performed by means of numerical differentiation of analytically evaluated 

gradients using the analytic-gradient techniques for the CC methods and the SFX2C-1e scheme as 

implemented in the CFOUR program package.48-55 FC simulations presented here employ the double-

harmonic approximation using the fcsquared module56 of the CFOUR program.

We have also performed SFX2C-1e equation-of-motion coupled-cluster singles doubles (EOM-CCSD)57 

and EOM-CC singles doubles triples (EOM-CCSDT)58, 59 calculations to determine the excitation 

energies of NiO2 in the anionic equilibrium structure. These are combined with the computed vertical 

detachment energy for the ground  state of NiO2 to describe the vertical detachment energies from 1
gX %

the ground state of NiO2¯ to these excited states of NiO2. Here, aug-cc-pVQZ basis sets were used for 

EOM-CCSD calculations. The triples corrections have been obtained as the differences between EOM-

CCSDT and EOM-CCSD results using cc-pVDZ basis sets. All calculations have been performed using 

the CFOUR program package,53, 55 except that the EOM-CCSDT calculations of triplet excited states have 

been carried out using the MRCC program package.60-62

IV. Results and Discussion:

The cryo-SEVI spectrum of NiO2¯ is presented in Figure 1. Figure 1a shows the lower-eBE 

region of structure, spanning 24400 –28000 cm-1 and covering the ground state band of the NiO2 

 NiO2¯ photodetachment transition previously observed.10, 11 The higher-energy region of the 

spectra shown in Figure 1b spans 27550 – 32500 cm-1 and encompasses detachment transitions 

to excited electronic states of NiO2 as will be discussed in Sections IV.A and IV.D . In both 
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figures, a low-resolution overview spectrum (blue) is displayed above high-resolution composite 

spectra (black) taken at several photon energies. 

These spectra represent a significant improvement over previous anion photoelectron 

spectroscopy studies.10, 11 The improved resolution afforded by the cryo-SEVI method reveals 

not only the electronic transitions to the three lowest-lying states of NiO2 (features A1, C1, D1, 

respectively) previously observed, but also a manifold of transitions to vibrationally excited 

states of the neutral species. Peak assignments, electron binding energies (eBEs), as well as shifts 

from peak A1 are presented in Tables 1-3, while extracted experimental parameters are presented 

in Table 4. 

In the case of the NiO2 ground state band, assignments of features are facilitated by our SFX2C-

1e-CCSD(T)/aug-cc- pVTZ calculations, which allow for FC simulations to be performed for 

detachment transitions terminating in the state of NiO2. This simulated spectrum facilitates 1
gX %

the definitive vibrational assignments in this state and suggests vibrational assignments for the  a%

and  states of NiO2. Notably, there are several strong transitions (B1-17) observed in this A%

spectrum that are not reproduced by our simulations. Moreover, these features (B1-B5, for 

example) are clearly not present in the overview spectrum and retain considerable intensity near 

detachment threshold. This trend is depicted in Figure 2, in which spectra collected at three 

photon energies highlight the differing behavior of these features as photodetachment threshold 

is approached. As discussed in Section IV.C, our assignments for the B peaks all involve odd 

changes of vibrational quanta in the non-totally symmetric 2 bending mode and are hence 

Franck-Condon forbidden.

Vibrational frequencies were not calculated for the two observed excited states of NiO2, though 

the even spacing of levels and intensity patterns in the cryo-SEVI spectra lend themselves to 

tentative assignments to different vibrational levels of these two states of NiO2 (Section IV.D).

IV.A Computational Results

Our coupled-cluster calculations confirm that the electronic ground state of NiO2 is the  1
gX %

state, while the ground state of NiO2¯ is determined as the  state. The valence orbitals of 2
gX %

NiO2 are composed of the Ni 4s and 3d orbitals and the O 2s and 2p orbitals, as shown in Figure 
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3. The corresponding orbital compositions are summarized in Table 5. The Ni 3dxz and 3dyz 

orbitals together with the O 2px and 2py orbitals form the  bonding orbitals and the  anti-1 g 2 g

bonding orbitals. The Ni  and 3dxy orbitals do not mix with oxygen valence orbitals and 2 23
x y

d


form the non-bonding  orbitals. The  orbitals consist of contributions from the Ni  1 g 2 g 
23

z
d

orbitals and the O 2s and 2pz orbitals. The  orbitals are mainly composed of the O 2s and 2pz 1 g 

orbitals with a small contribution from the Ni 4s orbitals. The ground state of NiO2 takes a 

closed-shell configuration , with the 2 2 2 4 2 2 4 4 0(1 ) (1 ) (2 ) (1 ) (3 ) (2 ) (1 ) (1 ) (2 )g u g g g u u g g            

anti-bonding  orbitals left unoccupied. Since the , , , , ,  orbitals are 2 g 1 g  1 u  2 g  1 g 3 g  1 g

fully occupied for all electronic states discussed here, we will use the occupation numbers for the 

, , , and  orbitals to denote electronic states. In this notation the ground state of 3 g  2 u  1 u 2 g

NiO2 is represented as . The ground  state of NiO2¯ places the 2 2 4 0(3 ) (2 ) (1 ) (2 )g u u g     2
gX %

excess electron in the  orbital, which is expected to weaken the Ni-O bond. 2 g

Although the ground state wave function of NiO2 is dominated by a closed shell 
 configuration, this electronic state exhibits strong electron correlation 2 2 4 0(3 ) (2 ) (1 ) (2 )g u u g    

because of the low-lying anti-bonding  orbitals. An analysis as detailed in the Supporting 2 g

Information shows that CCSD(T) calculations provide reasonably accurate structure and 

frequencies, in spite of the slow convergence of the CC series. The CCSD(T) results perhaps 

slightly overestimate the vibrational frequency of the bending mode 2 and underestimate those 

of the antisymmetric stretching and symmetric stretching modes (3 and 1). The ground state of 

NiO2¯ is dominated by the  configuration. As discussed in the 2 2 4 1(3 ) (2 ) (1 ) (2 )g u u g    

Supporting Information, the CCSD(T) results are also reasonably accurate for this electronic 

state. 

We have summarized the adiabatic electron affinity, equilibrium structures, and harmonic 

frequencies computed at the SFX2C-1e-CCSD(T)/aug-cc-pVTZ level of theory in Table 6 and 

have utilized these parameters in the FC simulations presented in Figure 1. As expected, the 

occupation of an anti-bonding  orbital in NiO2¯ significantly increases the Ni-O bond length, 2 g
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e.g., the difference between the Ni-O bond lengths in NiO2
 and NiO2¯ computed at the CCSD(T) 

level amounts to 0.034 Å. The population of this orbital also reduces the asymmetric stretching 

frequency of NiO2¯ by around 70 cm-1. The large change in the Ni-O bond length leads to a 

significant FC progression for the photodetachment transitions from the  state of NiO2¯ to 2
gX %

the  of NiO2 due to the FC activity of the symmetric stretch  mode, which is 1
gX %

1( )g 

responsible for much of the vibrational structure observed in the photoelectron spectrum of 

NiO2¯.

Excitation of a ,  or electron into an anti-bonding  orbital gives rise to several 3 g  1 u 2 u 2 g

low-lying excited states of NiO2. The lowest excited state of NiO2 is a  state with the leading 3
g

configuration , which resides 0.56 eV above the ground  state. 1 2 4 1(3 ) (2 ) (1 ) (2 )g u u g     1
gX %

The corresponding singlet  state lies 0.88 eV above the ground state. Both states can be 1
g

accessed from the ground  state of NiO2¯ by detaching a  electron. Meanwhile, the 2
gX % 3 g 

detachment of a  electron or a  electron leads to a manifold of 1 u 2 u

 states and a manifold of  states lying 2 2 3 1(3 ) (2 ) (1 ) (2 )g u u g     2 1 4 1(3 ) (2 ) (1 ) (2 )g u u g    

around 1.1 eV and 2 eV above the ground state, respectively. These findings are in good 

agreement with the MRCI calculations of Hübner,22 and are outlined in Table S2. Details about 

the EOM-CC computations for excitation energies are documented in the Supporting 

Information. 

IV.B. Ground State Franck-Condon Allowed Transitions

Table 1 lists the vibrational assignments of features arising from the transition. 1 2
g gX X  % %

These assignments are informed by the results of our FC simulations as well as the previously 

reported photoelectron spectrum of Ramond et al.11 As features A1-13 are largely reproduced in 

the simulated spectra, they are assigned to Franck-Condon (FC) allowed transitions within the 

 photodetachment band of NiO2. FC-allowed transitions include all Δv 1 2
g gX X  % %

transitions in totally symmetric vibrational modes (  for linear species) and even Δv transitions g

along non-totally symmetric modes.63
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Most prominent among these features is A1, here assigned as the  vibrational origin, allowing 0
00

for the extraction of a refined electron affinity for NiO2 and providing an order of magnitude 

improvement in the precision of this measurement of 3.0464(7) eV, compared to 3.043(5) eV in 

Ref 11. The measured EA here is in good agreement with our calculated value of 3.0405 eV.

Beyond the vibrational origin is a wealth of vibrational structure, owing to an extended 

progression in the v1 symmetric stretch of NiO2, where there , , , , and transitions are 1
01 2

01 3
01 4

01 5
01

observed (A4, A7, A10, A12, A13, respectively). Weak but allowed transitions involving the 

non-totally symmetric v2 bending and v3 anti-symmetric stretching modes contribute to the 

remainder of the A-features in this band, with a short progression in the v2 bending coordinate     

(  and , corresponding to A2 and A3, respectively), the appearance of the FC-allowed  2
02 4

02 2
03

transition (A9), and several combination bands including A5, A6, and A8 (see Table 1). 

From the harmonic progressions along v1 and v2 and the appearance of the  transition, we 2
03

obtain the frequencies of all three vibrational modes of the  state of NiO2. These values, v1 1
gX %

= 745(6), v2 = 122(18), and v3 = 978(16) cm-1, are in good agreement with those previously 

reported from photoelectron spectroscopy (v1 = 745(30) cm-1)11 and FTIR studies of NiO2 in a 

Ne matrix (v1 = 749 and v3 = 977.5 cm-1),12 as well as our calculated values (Table 6) of v1 = 774, 

v2 = 135, and v3 = 985 cm-1. Further, the observed frequency for the v2 bending mode matches 

well with an observed but unassigned feature in the Ne matrix data at 129.9 cm-1,9 suggesting 

that this peak was from IR excitation of the v2 mode.

IV.C. Ground state Franck-Condon Forbidden Transitions

We now consider the assignments to the features in the band that are not 1 2
g gX X  % %

reproduced by our FC simulations, peaks B1-B17 (Table 1). The spacing of these features is 

consistently ~120 cm-1 above that of an allowed transition (as is the case for B1-B9, B13, B17) 

or ~240 cm-1 above another “B” feature (as is the case for B9 → B11, B10 → B12, B12 → B14, 

B13 → B15, B14 → B16). The similarity of these spacings with that of our measured value for 

the v2 bending frequency (122(18) cm-1) suggests these features arise from transitions 

terminating in odd quanta of the non-totally symmetric v2 mode. We thus assign peaks B1-B17 to 

transitions of this type to neutral levels with πu vibrational symmetry.
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These transitions are Franck-Condon forbidden but can arise through Herzberg-Teller (HT) 

coupling to an excited electronic state with the appropriate symmetry.29, 64-66 Briefly, two 

vibronic states, a and b, can mix through HT-coupling provided their electronic and vibrational 

symmetries and , respectively, satisfy63
elec vib

 (1)a a b b
elec vib elec vib TS        

Here  is the totally symmetric representation within the molecular point group. This mixing TS

then creates two new states  and , each an admixture of 0 1 2a aa c a c b  0 1 2b bb c a c b 

the two zero-order vibronic levels. Thus, if detachment to state b is FC-allowed, then detachment 

to state a0 becomes allowed, but will display the electronic character of state b.

In the present case, the electronic and vibrational symmetries of the final states in features B1-

B17, and , are  and πu, respectively. These states can only be observed if they mix a
elec a

vib g


with a state b that is FC-allowed for detachment from the anion, i.e. = , thereby requiring b
vib g

that the excited electronic state HT-coupled to this state be of  symmetry. Our calculations u

(Table S2) find that such an excited state resides 2.24 eV above the neutral ground state.

The presence of vibronic coupling here is affirmed by the differing behavior of the FC-forbidden 

and FC-allowed features as the photon energy is changed, as shown in Figure 2. Here, cryo-SEVI 

spectra are plotted at three photon energies, showing that as the photon energy is lowered and 

approaches the detachment threshold, the intensity of features A1 and A2 drops precipitously 

relative to that of B1 and B3. This effect is ascribed to a reduced photodetachment cross section 

for feature A1 and A3 at low eKE. Such a difference can be related to the relative scaling of the 

detachment cross sections at low eKE’s, given by the Wigner threshold law:67

(2)1/2(eKE) ,l 

where  is the detachment cross section and  is the angular momentum of the detached  l

electron. Thus, photodetachment is suppressed more strongly at low eKE for detachment of 

higher  electrons (see inset of Figure 2), due to the centrifugal barrier experienced by the l

departing electron. 
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For detachment to the  state of NiO2, selection rules for molecular photodetachment 1
gX %

prohibit detachment of l = 0 electrons, and p-wave detachment dominates.68 Conversely, 

transitions terminating in odd quanta along the v2 normal coordinate do so in a neutral level with 

contribution from an excited state of symmetry, for which detachment can proceed via l = 0 u

(s-wave) transitions.

The disparity in near-threshold cross-section between the “A” and “B” features is a tell-tale sign 

of HT coupling in cryo-SEVI spectra,29, 64-66 as this indicates that “B” features correspond to 

detachment with lower values of  than the “A” features, reflecting the electronic character of the l

electronic state that lends intensity to these transitions. Consequently, spectra for the “B” u

peaks can be obtained closer to photodetachment threshold, where cryo-SEVI resolution is 

improved, leading to narrower features as was observed in the cryo-SEVI spectra of the indenyl 

and nitrate anions.66, 69 As such, we are able to refine our determined value for the v2 bending 

mode of NiO2 from the position of B1 as 120(7) cm-1. 

IV.D Excited state transitions

Beyond the strongest vibrational transitions in the  manifold reside the strong features C1 1
gX %

and D1. The positions of these features (3.4447(4) and 3.7886(9) eV, respectively) coincide with 

the previously observed onset of transitions assigned to the  and  states (3.45(2) and 1
ga % 1

gb %

3.82(3) eV, respectively) of NiO2 based on a molecular orbital picture.10 Subsequent theoretical 

work, however, has determined the low-lying states of NiO2 as the  and  states.22 3
ga % 1

gA %

These assignments agree with our EOM-CC calculations, which find the same state ordering. We 

thus assign C1 and D1 as the vibrational origins of the  and  3 2
g ga X  %% 1 2

g gA X  % %

transitions, with term energies of 0.3982(7) and 0.7422(10) eV, respectively, determined by the 

shift in peak location from A1. These reported term energies are more precise than those 

previously reported (0.40(2) and 0.77(3) eV, respectively),10 and are in good agreement with our 

computed term energies of 0.56 and 0.88 eV, validating this reassignment. 

Numerous weaker features reside beyond peaks C1 and D1 (C2-C8, D2-D6) that report on the 

vibrational structure of the  and  excited states (Tables 2 and 3). In the  state, 3
ga % 1

gA % 3
ga %
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there appears to be a progression of a vibrational feature with a frequency of 685(11) cm-1 as 

well as the appearance of the vibrational fundamental and combination bands involving a mode 

with frequency of 130(5) cm-1. Similarly, in the  state, there appear to be two progressions 1
gA %

in features with average spacings of 112(12) and 705(19) cm-1. While we do not have theoretical 

calculations to make definitive assignments to these features, their relative spacing are close to 

those of the v1 and v2 vibrational modes that dominate the structure in the ground state of 

spectrum NiO2. We thus tentatively assign the observed structure to activity along the v1 and v2 

vibrational modes of NiO2 in the  and  excited states with vibrational frequencies of 3
ga % 1

gA %

685(11) and 130(5) cm-1 ( ) as well as 705(19) and 112(12) cm-1 ( ), respectively 3
ga % 1

gA %

(outlined in Table 4). 

Conclusion:

Here, we report high-resolution cryo-SEVI spectra of NiO2¯ showing photodetachment to the 

, , and  states of NiO2. In the ground state, we observe FC-allowed 1
gX % 3

ga % 1
gA %

transitions involving the v1 symmetric stretch, v2 bending, and v3 anti-symmetric stretch from 

which we extract vibrational frequencies of v1 = 745(6), v2 = 122(18), and v3 = 978(16) cm-1, in 

good agreement with previously reported values. These assignments are facilitated by FC 

simulations using the SFX2C-1e-CCSD(T)/aug-cc- pVTZ geometries and vibrational frequencies 

for NiO2
0/-. Notably, we observe extended FC-forbidden progressions to final states with odd 

quanta in the v2 bending coordinate that we ascribe to vibronic coupling to the  excited state u

of NiO2, calculated to reside 2.24 eV above the ground state. From the onset of structure in the 

ground and excited states, we are able to refine the electron affinity and term energies of NiO2 

and its first two excited states (EA = 3.0464(7) eV, Te( ) = 0.3982(7) eV, Te( ) = 3
ga % 1

gA %

0.7422(10) eV), in good agreement with our calculated values.
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Figure 1. Cryo-SEVI spectra of NiO2¯ showing detachment to the (a) ground state and (b) 1
gX %

 and  excited states. Blue traces are low-resolution overview scans taken with 3
ga % 1

gA %

photon energies of 30394 and 35025 cm-1 for panels (a) and (b), respectively. Black traces are 

high-resolution scans taken at variable photon energies, while red stick spectra in (a) represent 

FC simulations for the photodetachment transition from NiO2¯. Vibrational 1 2
g gX X  % %

modes for the ground state are depicted below the ground-state spectrum.

Figure 2. Cryo-SEVI spectra of NiO2¯ at three photon energies illustrating the differing signal 

attenuation for features A1 and B1 as eKE decreases. The intensity of each scan has been 

normalized to feature A1. Photon energies employed are 25991 (blue), 25001 (black), and 24728 

cm-1 (red). Insert: photodetachment cross-section as a function of kinetic energy for s- and p-

wave detachment as outlined by the Wigner threshold law.67
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Figure 3. Valence molecular orbitals of NiO2 originating from the Ni 4s and 3d orbitals and the 

O 2s and 2p orbitals.
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Table 1. Peak positions, shifts from peak A1, and assignments, in units of cm-1, for the 

detachment transitions of NiO2¯. Uncertainty in the peak positions correspond 1 2
g gX X  % %

to one standard deviation from a Gaussian fit to the highest-resolution experimental trace for 

each feature.

Peak eBE Shift Assignment

A1 24571(6) -
0
00

B1 24691(7) 120
1
02

A2 24815(13) 244
2
02

B2 24936(8) 365
3
02

A3 25061(12) 490
4
02

B3 25190(7) 619
5
02

A4 25316(6) 745
1
01

B4 25442(9) 871
1 1
0 01 2

A5 25572(9) 1001
1 2
0 01 2

B5 25700(8) 1129
1 3
0 01 2

A6 25832(9) 1261
1 4
0 01 2

B6 25961(7) 1390
1 5
0 01 2

A7 26065(8) 1494
2
01

B7 26192(9) 1621
1 7
0 01 2

B8 26223(7) 1652
2 1
0 01 2

A8 26356(9) 1786
2 2
0 01 2

B9 26436(6) 1865
1 9
0 01 2

B10 26454(7) 1883
2 3
0 01 2

A9 26529(11) 1957
2
03
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B11 26692(9) 2121
1 2
0 02 3

B12 26716(9) 2145
2 5
0 01 2

A10 26783(9) 2212
3
01

B13 26928(10) 2357
3 1
0 01 2

B14 26945(7) 2374
2 7
0 01 2

B15 26978(7) 2406
3 3
0 01 2

B16 27187(28) 2616
2 9
0 01 2

A11 27283(35) 2712
1 2
0 01 3

A12 27519(11) 2948
4
01

B17 27660(11) 3089
4 1
0 01 2

A13 28260(11) 3689
5
01
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Table 2. Peak positions, shifts from peak C1, and assignments, in units of cm-1, for the 

 detachment transitions of NiO2¯. Uncertainty in the peak positions correspond 3 2
g ga X  %%

to one standard deviation from a Gaussian fit to the highest-resolution experimental trace for 

each feature.

Peak eBE Shift Assignment

C1 27783(3) -
3 0

00ga %

C2 27913(5) 131
1
02

C3 28468(11) 685
1
01

C4 28589(13) 807
1 1
0 01 2

C5 29162(12) 1380
2
01

C6 29271(17) 1488
2 1
0 01 2

C7 29883(9) 2100
3
01

C8 29968(15) 2186
3 1
0 01 2

Table 3. Peak positions, shifts from peak D1, and assignments, in units of cm-1, for the 

 detachment transitions of NiO2¯. Uncertainty in the peak positions correspond 1 2
g gA X  % %

to one standard deviation from a Gaussian fit to the highest-resolution experimental trace for 

each feature.

Peak eBE Shift Assignment

D1 30557(7) -
1 0

00gA %

D2 30669(12) 112
1
02

D3 30814(10) 257
2
02

D4 31263(19) 706
1
01

D5 31422(16) 865
1 1
0 01 2

D6 31944(9) 1275
2
01
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Table 4. Experimental parameters for the various states of NiO2 probed in this work, extracted 

from the cryo-SEVI spectra of photodetachment of NiO2¯, along with comparison to our 

SFX2C-1e-CCSD(T)/aug-cc-pVTZ theoretical calculations for the ground state and EOM-

CCSDT/cc-pVDZ calculations for the excited state term energies. Available literature values are 

presented. 

Parameter Calculated SEVI Literature
1

gX %

EA (eV) 3.0464(7) 3.043(5)a

ω1 (cm-1) 774 745(6) 749b

ω2 (cm-1) 135 120(7)

ω3 (cm-1) 985 978(16) 977.5b

3
ga %

Te (eV) 0.56 0.3982(7) 0.40(2)c

ω1 (cm-1) 685(11)

ω2 (cm-1) 131(5)
1

gA %

Te (eV) 0.88 0.7422(10) 0.77(3)c

ω1 (cm-1) 706(19)

ω2 (cm-1) 112(12)
a = Ref 11 b = Ref 12 c = Ref 10
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 Table 5. The principal compositions of valence molecular orbitals of NiO2. Significant 

secondary contributions are enclosed in the brackets. 

Molecular orbitals Compositions

1𝝈g
+ O 2s

1𝝈u
+ O 2s

2𝝈g
+ Ni [O 2s and 2pz]23

z
d

1𝝳g Ni  and 3dxy 2 23
x y

d


3𝝈g
+ O 2s, 2pz [Ni 4s, 3d0]

2𝝈u
+ O 2s, 2pz

1𝝿u O 2px and 2py

1𝝿g O 2px and 2py [Ni 3dxz and 3dyz]

2𝝿g Ni 3dxz and 3dyz [O 2px and 2py]

Table 6. Computed adiabatic electron affinity (EAa), bond lengths, and harmonic vibrational 

frequencies for the X1Σg
+ state of NiO2 and the  state of NiO2¯. Scalar-relativistic effects 2

gX %

have been taken into account using the SFX2C-1e scheme. The aug-cc-pVTZ basis sets 

recontracted for the SFX2C-1e scheme have been used. Reported values are in cm-1 except for 

bond length, which is reported in Å. 

R(Ni-O) 1( )g   2 ( )u   3( )u  EAa 

NiO2 1.609 774 135 985 24523

NiO2
- 1.643 772 96 915 --
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